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Abstract: This paper deals with the moisture exchanges occurring in soil-atmosphere 
interaction problems. Convective drying tests are performed on silt samples in order to 
reproduce the natural drying conditions. The experimental results provide relevant data on 
the transfer kinetics into the boundary layer. A coupled formulation of the vapor and 
energy exchanges is proposed. The modeling results of the drying tests present a good 
agreement with the observed kinetics of the materials desaturation. Our model enables the 
analysis of the moisture transport mechanisms into and at the boundary of the samples. 
 





The modeling of unsaturated drying deformable 
materials is a crucial issue in civil engineering. The 
geomaterials, as rocks, soils or concrete, can be 
subjected to gradients of relative humidity or 
temperature.  
For cement based materials, the durability issues in 
civil engineering have to be studied during very long 
periods of time over which the main causes of change 
in liquid water content are the interactions with 
ambient atmosphere (Baroghel-Mainguy et al., 
2001). For soils, the problem of drought in some 
regions induces ground movements associated to 
shrink/swell of soils, particularly in clayey soils (Cui 
et al., 2005). This is a major cause of worry for 
specialists involved in the field of constructions. 
Ventilation in tunnels influences also the desaturation 
and the mechanical behavior of the host rock near the 
wall (Gerard et al., 2008a). 
These latter examples of soil-atmosphere interactions 
emphasize the need of correct flow boundary 
conditions in order to deduce the moisture 
distributions into the geomaterials in interaction with 
the ambient atmosphere. All these problems can be 
related to the drying of an unsaturated porous 
medium, which is a process of moisture removal 
from materials. The study of the drying mechanisms 
can be performed through convective drying tests on 
soil samples, where the conditions (temperature, 
relative humidity or wind velocity) of the interactions 
between porous media and the ambient atmosphere 
are reproduced.  
Owing to the variation of the drying conditions 
during soil-atmosphere interaction problems, 
evaporation at the soil surface is the result of two 
coupled processes occurring at the same time: vapor 
and heat exchanges (Olivella and Gens, 2000). 
Moreover, we assume that the heat and vapor 
exchanges with the atmosphere take place in a 
boundary layer at the surface of the porous medium, 
in addition to the heat and water flows which occur 
into the porous medium. Mass and energy transfers in 
the boundary layer are controlled by mass and heat 
transfer coefficients characterizing the boundary 
layer (Keey, 1972; Mujumdar, 1995; Perré, 1997; 
Perré and Turner, 1999; Coumans, 2000; Kowalski, 
2003). According to the characteristics of the 
material and the drying conditions, either the internal 
transport of water or the vapor exchanges into the 
boundary layer becomes the limiting mechanism 
which controls the drying. 
In this paper, a short overview of the drying 
processes is achieved. Different convective drying 
experiments are then presented for silts at different 
drying conditions. From a formulation of the vapor 
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 and heat exchanges occurring at porous medium 
surface (Key, 1972; Coumans, 2000), mass and heat 
transfer coefficients characterizing the boundary 
layer are determined for the different drying 
conditions. This formulation is then introduced in the 
finite element code Lagamine (Collin et al., 2002) in 
order to model the drying experiments. The 
numerical simulations allow a good numerical 
reproduction of the kinetics of the materials 
desaturation observed during the drying tests. The 
model allows the study of the moisture transport 
mechanisms in the materials. Such analysis 
highlights the limiting mechanism controlling drying.  
DRYING PROCESSES 
Kinetics of drying processes 
The convective drying kinetics of samples can be 
analyzed from the continuous weight measurement of 
samples. The corresponding drying rate is usually 
plotted as a function of the sample water content. 
Three drying periods can be generally observed: a 
preheating period, a constant drying rate period and a 
falling rate period (Kowalski, 2003).  
The preheating period corresponds to the increase of 
the drying rate and the temperature at the outer 
boundary of the sample reaches the wet bulb 
temperature of the surroundings. During the constant 
drying rate period, the heat supplied by the 
surroundings is entirely used for the vaporization of 
the liquid water. The temperature of the dried porous 
medium remains constant and equal to the wet bulb 
temperature. The evaporation occurs in a saturated 
boundary layer. The vapor and the heat transfers are 
only influenced by the external conditions, i.e. the 
drying temperature, air velocity and humidy (Nadeau 
and Puiggali, 1995; Geankoplis, 1993). This period 
continues as long as the moisture transport to the 
surface is sufficient to maintain the drying rate. The 
falling rate period is characterized by a continuous 
increase of the dried body temperature to the 
temperature of the drying medium. The drying rate 
decreases until the end of drying, in pursuance of the 
decrease of the water transfers (in liquid or gaseous 
phases) from the sample centre to the surface. 
Vapor and heat exchanges 
The mass and heat transfers with the atmosphere take 
place in a boundary layer all around the samples 
(Kowalski, 2003). These coupled exchanges occur in 
parallel with the water and heat flows within the 
materials.  
The vapor flow q  from the materials to the 
surroundings is assumed proportional to the 
difference of the vapor density between the 
surroundings and the external surface of the samples 
(Keey, 1972; Coumans, 2000; Léonard et al., 2005; 
Gerard et al., 2008a). The proportionality coefficient 
is a mass transfer coefficient characterizing the 
surface transfer properties of the boundary layer. The 
vapor flow is expressed as: 
 ( )avv.q ρ−ρα= Γ  (1) 
with avρ  and vΓρ  the vapor density respectively in the 
surroundings and at the boundary of the sample and α 
a vapor mass transfer coefficient which mainly 
depends on the air velocity (Geankoplis, 1993; 
Dracos, 1980; Ketelaars, 1992).  
Evaporation at the surface depends also on thermal 
conditions. The heat flux f  from the boundary to the 
surroundings is expressed as: 
 ( )af L.q . T TΓ= − β −  (2) 
where Ta is the temperature of the surrounding air, 
TΓ  the temperature at the boundary of the sample,   
β  is a thermal transfer coefficient and L is the latent 
heat of water vaporization (=2500 kJ.kg-1). The first 
term of the heat flux is the energy needed for water 
vaporization at the boundary. The second term 
denotes the convective heat flux between the 
atmosphere and the porous medium.  
The mass and heat coefficients, which characterize 
the transfers into the boundary layer, will be 
determined through convective drying tests. Their 
determination is a crucial issue for the understanding 
and the quantification of the soil-surface interaction 
mechanisms. 
CONVECTIVE DRYING EXPERIMENTS 
Convective drying tests are performed on Awans silt, 
which is a representative upper soil from Belgium. 
More data about the geotechnical properties of the 
Awans silt can be found in Masekanya (2008) and 
Gerard et al. (2010).  
Cylindrical samples of silt (14 mm high and 17 mm 
in diameter, for a weight about 6.5 g) are dried 
during 12 hours. In order to accelerate the drying 
process, which is quite slow, soil samples are 
surrounded by very dry and hot ambient air (RH≈1% 
- Ta=50, 60 or 70°C). Other drying experiments are 
nevertheless performed with surrounding air at the 
ambient temperature and higher relative humidity 
(30% and 50%). In this way, evolution of transfer 
coefficients with air relative humidity or drying 
temperature can be deduced. 
Experimental device 
The drying experiments are carried out in a 
convective rig controlled in air relative humidity, 
temperature and superficial velocity (Léonard et al., 
2002). The cylindrical soil sample lies in the drying 
chamber on a supporting grid linked underneath to a 
precision weighting device. The sample surroundings 
are such that drying can occur on the whole external 
surface. The sample mass is recorded every 30 
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 seconds in order to obtain the drying curves from 
which the external vapor and heat transfer 
coefficients can be determined. 
Experimental results 
In this study, drying shrinkage of the materials is 
assumed negligible, in view of the small shrinkage 
limit of silts. It should be also emphasized that 
neither cracking nor microcracking are 
experimentally observed on the Awans silt samples at 
the end of the drying experiments. Fig. 1 presents the 
drying curves obtained for a series of tests performed 
at different relative humidities of the surrounding air 
at a drying temperature of 50°C: 1%, 30% and 50%. 
The results show the good reproducibility of the 
experiments and the decrease of the maximal drying 
rate with the increase of the air relative humidity. 
The two experimental curves corresponding to a 
relative humidity of 50 % seem to evolve differently 
from the others. The increase of the drying rate 
around a water content of 0.15 can be explained by 
the difficulty for the vapor generator to maintain high 
relative humidity. Nevertheless, the determination of 
the transfer coefficients is possible with the 
knowledge of the constant drying rate. 
As explained previously, during the constant drying 
rate period, the temperature is assumed constant and 
equal to the wet bulb temperature Th characterizing 
the surrounding air. The boundary of the sample is 
considered saturated during this period (Nadeau and 
Puiggali, 1995). From the maximal experimental 
drying flow maxq  and the equation (1), the saturated 
vapor transfer coefficient is determined by: 
 ( )( ) ( )( )max0 h a h av,0 v v,0 vq dM 1.dtT A TΓ Γα = = −ρ − ρ ρ − ρ  (3) 
where  is the saturated vapor density at the 
boundary of the sample. 
v,0
Γρ
The constant drying rate period clearly appears for 
high air relative humidity, but less for drier air. It can 
be explained by the fact that the drying process is 
slower in samples submitted to humid surrounding 
air than in those submitted to dry surrounding air. In 
the case of severe drying conditions, i.e. dry air, the 
internal transport of water becomes the limiting step 
and no constant drying rate period can be observed. 
Moreover, it was quite difficult to produce 
completely saturated samples. When experiments do 
not produce any constant rate period, it is rather 
complicated to determine the external transfer 
coefficient. However, as a first estimate, the 
maximum drying rate is considered to approach the 
value of the transfer coefficients from equation (3). 
Fig. 2 shows the decrease of the mass transfer 
coefficient with the air relative humidity.  
The heat transfer coefficient β can also be deduced 
from the experimental data assuming a constant 
temperature in the boundary layer during the constant 
drying rate period equal to the wet bulb temperature. 




β = −  (4) 
Evolution of heat transfer coefficient with the air 
relative humidity is not presented in this document, 
but can be consulted in Gerard et al. (2010).  
Other drying conditions (different drying 
temperatures or air velocities) have been also tested, 
but the experimental results are not presented in this 
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Fig. 1. Drying rate curves for different air relative 
humidities (air drying temperature Ta = 50°C - air 
velocity = 1m/s) 
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Fig. 2. Mass transfer coefficient according to air 
relative humidity (air drying temperature Ta = 50°C - 




 NUMERICAL MODELING 
Boundary value problem 
2D-axisymetric modeling of cylindrical samples is 
performed in order to compare the convective drying 
experimental data with the simulation results. The 
porous medium is assumed rigid. Gas pressure is 
assumed constant and equal to the atmospheric 
pressure. 
The geometry of the problem is presented on Fig. 3. 
The samples are initially saturated and their initial 
temperature is the ambient temperature (= 17°C). 
Heat and flow transfers with the exterior are 
described by the equations (1) and (2). Mass and heat 
transfer coefficients computed from the drying 
experiments (see the previous section) are used in the 
boundary conditions expressions.  
 
 
Fig. 3. Boundary value problem of drying experiment 
 
 
Fig. 4. Two-dimensional finite element and boundary 
element 
To reproduce the water vapor and heat flows 
occurring at the sample surface, we need classical 
quadrilateral 2D finite elements associated with a 
new boundary finite element through which the 
hydraulic and heat exchanges between the porous 
medium and the surroundings take place (Gerard et 
al., 2008a). The special thermo-hydraulic boundary 
condition is defined by four nodes (Fig. 4). The first 
three nodes are located on the boundary (N1, N2 and 
N3). They allow a spatial discretization of the water 
pressure and temperature distribution along the 
boundary. The fourth node (N4) is introduced to 
define the relative humidity and the temperature of 
the surroundings (as far as they correspond to the 
d.o.f. of the fourth node). Its geometrical position 
does not influence the results. Two Gauss points are 
considered for the boundary finite element. The 
thermo-hydraulic flow is computed thanks to 
equations (1) and (2), where the vapor density and 
temperature of the surroundings is computed at the 
fourth node and the vapor density and temperature at 
the boundary of the sample is evaluated at the Gauss 
points. Even tough the atmosphere conditions remain 
constant during the drying tests this fourth node will 
be helpful for the modeling of soil-atmosphere 
interaction problems or drying experiments where the 
drying conditions evolve with time. More details on 
the numerical formulation of the boundary finite 
element can be found in Gerard et al. (2008a). 
Hydraulic and thermal behaviors 
The mass flow into the porous medium is defined by 
the sum of the advection of the liquid water (Darcy’s 
law for unsaturated cases) and the diffusion of water 
vapor (Fick’s diffusion law, as proposed by Philip 
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∂ ∂ρ= −ρ + ρ − τφ −⎜ ⎟μ ∂ ∂⎝ ⎠
 (5) 
where κ is the intrinsic permeability, kr,w is water 
relative permeability, μw is the water dynamic 
viscosity (=10-3 Pa.s), D is the molecular diffusion 
coefficient of the mixture of gaseous air and water 
vapor (=2.78 10-5 m².s-1 in STP conditions), τ  the 
tortuosity and vρ  the vapor density. 
The advective flux of the gaseous phase is neglected, 
because the gas pressure remains constant. From 
experimental data on Awans silt and other Belgian 
silts (Gerard et al., 2010), a van Genuchten retention 










−⎡ ⎤⎛ ⎞⎢ ⎥= + ⎜ ⎟⎢ ⎥⎝ ⎠⎢ ⎥⎣ ⎦
 and Sr,w = 1 if pc < 0 (6) 
with Sr,w the degree of saturation, pc the capillary 
pressure and Pr and m two parameters. The water 
relative permeability function proposed by van 
Genuchten (1980) is used: 
 ( ) 2n1/ nr,w r,w r,wk S 1 1 S⎡ ⎤= − −⎢ ⎥⎣ ⎦  (7) 
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 The heat transport is related to three effects: 
conduction, convection by the fluids and evaporation: 
 
( )( )i p,w w i,w p,v i,v 0
i
i,v
Tt c f c i T
x
Li




with  the medium conductivity, cp,w the water 
specific heat (=4180 W.m-1.K-1), cp,v the vapor 
specific heat (=1000 W.m-1.K-1) and L the latent heat 
of water vaporization (=2500 kJ.kg-1). The enthalpy 




( ) ( ) ( )
( ) ( ) ( )
r,w w p,w 0 s p,s 0
r,w v p,v 0 r,w v
h S c T T 1 c T T
1 S c T T 1 S L
= φ ρ − + − φ ρ −
+φ − ρ − + φ − ρ
 (9) 
with cp,s the solid specific heat. 
All the details about the coupled thermo-hydraulic 
formulation can be found in Collin et al. (2002). 
The hydraulic and thermal parameters of Awans silt 
have been determined by Masekanya (2008) and are 
presented in Table 1. It is known that the thermal 
conductivity of soils depends on temperature and 
saturation, but a constant thermal conductivity is 
used in the modeling, due to a lack of experimental 
data on Awans silt. 
Table 1. Awans silt parameters for thermo-hydraulic 
model 
κ  Intrinsic permeability 5 10-14 m² 
φ  Porosity 0.35 
τ  Tortuosity 0.10 
Pr Van Genuchten parameter 0.05 MPa 
n Van Genuchten parameter 0.26 
cp,s Solid grains specific heat 879 J kg-1 K-1 
λ  Thermal conductivity 1.3 W m-1 K-1 
Influence of flow boundary conditions 
A drying test performed with an air relative humidity 
of 30% and a temperature of 50°C is modeled. The 
advantage of this experiment is that the air relative 
humidity is situated in a range of values where the 
retention behavior is well known. In a first 
simulation, we assume that the boundary layer, where 
the vapor transfers occur, remains saturated during 
drying. The value of the mass transfer coefficient, as 
well as the heat transfer coefficient, is those 
determined from experimental results during the 
constant drying rate period.  
The drying curve obtained with these parameters is 
presented in the Fig. 5. The constant drying rate 
period obtained with the modeling is more 
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Fig. 5. Drying rate curves – Comparison between 
experimental and numerical results (drying tests with 
air RH=30% and Ta=50°C) 
The overestimation of the drying rate should be 
related to the fact that the boundary layer where the 
vapor exchanges take place does not remain saturated 
during the falling drying rate period, due to the 
slowness of moisture transport comparing to the 
capacity of evaporation of the boundary layer. To 
take into account the desaturation of the boundary 
layer, equation 1 is modified by introducing the 
degree of saturation at the boundary surface: 
 ( )a0 r,w v vq SΓ Γ= α ρ − ρ  (10) 
with α0 the saturated vapor transfer coefficient, 
corresponding to the one determined during the 
constant drying rate period.  
With this new flow boundary condition, numerical 
results present good agreement with experimental 
measurements, as shown in Fig. 6. Due to the 
desaturation of the boundary layer, the constant 
drying rate period is reduced and the falling rate 
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Fig. 6. Drying rate curves with new flow boundary 
condition – Comparison between experimental and 




























Fig. 7. Numerical time evolution of temperature at 
the silt surface – Comparison the two flow boundary 
conditions results (drying test with air RH=30% and 
Ta=50°C) 
Moreover, on the contrary to the first case (flow 
boundary condition expressed in equation (1) – 
saturated boundary layer), the temperature at the 
boundary of the sample does not remain constant at 
the wet bulb temperature during the constant drying 
rate period (Fig. 7). This is due to the desaturation 
reducing the moisture transport to the boundary. The 
heat provided by the atmosphere is sufficient enough 
for the quantity of water evaporating at the boundary 
layer and, as a consequence, temperature at the 
boundary increases. 
MOISTURE TRANSPORT MECHANISMS 
The purpose of this section is the study of the 
moisture transport during the drying of highly 
permeable materials: is it mainly achieved by water 
evaporation within the sample followed by vapor 
diffusion toward the ambient medium (i.e. 1 + 2 in 
Fig. 8) or by the liquid water transport to the 
boundary of the sample where it evaporates (i.e. 1’ + 
2’ in Fig. 8) (Mainguy et al., 2001)? 
 
Fig. 8. Schematic representation of two extreme 
moisture transport mechanisms (Mainguy et al., 
2001) 
Fig. 10 presents the temporal evolution of water and 
vapor flows at the sample surface (in the middle of 
the height of the sample) obtained from numerical 
modeling of drying experiments on silt. We show 
that moisture is first mainly removed by liquid water 
advection (Darcy’s law). When the desaturation of 
the boundary begins, Darcy’s water flow decreases 
and vapor diffusion becomes predominant at the 
sample surface. 
The profiles of water and vapor flows along a 
horizontal section situated at the middle of the height 
of the sample (Fig. 10) show that in a first time the 
transport of humidity within the whole sample 
corresponds in its major part to the internal transport 
of liquid, followed by evaporation at the sample 
surface. The limiting step is thus the exchanges in the 
boundary layer. Vapor density is uniform into the 
sample (Fig. 11). Due to temperature increase, 
intense evaporation occurs at the sample boundary 
and desaturation of silts begins. Water advection 
decreases and vapor density gradient appears in the 
desaturated zone. A receding front is created and 
moves to the heart of the sample. The limiting step 
becomes the internal liquid transport, as the relative 
permeability is decreasing. The extent of the 
desaturated zone increases with time. After 2h30 of 
drying, the vapor distribution becomes again uniform 
into the sample and the vapor diffusion flows 
decrease with time (Fig. 9, 10 and 11). 
Modeling of silts drying emphasizes the influence of 
vapor diffusion, which was negligible with weakly 
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Fig. 9. Temporal evolution of water and vapor flows 
at the sample surface (in the first element at the 
middle of the height) – Drying modeling with 
RH=30% - Ta=50°C 
CONCLUSIONS 
When geomaterials are submitted to interactions with 
the atmosphere, the correct modeling of the coupled 
vapor and heat exchanges occurring at the surface is 
needed in order to determine the capillary pressure 
distributions into the porous medium. Flow and heat 
boundary conditions reproducing the exchanges 
452
 occurring at soil surface are therefore needed. For 
these reasons, convective drying experiments have 
been performed on samples of Awans silt (an upper 
soil from Belgium) under different drying conditions 
(air temperature and relative humidity). Assuming 
that the exchanges take place in a boundary layer, 
mass and heat transfer coefficients can be determined 
through the drying experiments on initially saturated 
samples. The results show that mass transfer 
coefficient decreases with air relative humidity.  
Modeling of the drying tests under non-isothermal 
conditions has been performed. Assuming the 
existence of a boundary layer where the exchanges 
take place allows a good reproduction of the kinetics 
of drying observed during the experiments. However, 
it is necessary to take into account the desaturation of 
the boundary layer by introducing the saturation 
degree in the mass transfer boundary conditions. In 
this way, the overestimation of the drying rate is 
avoided, which is not the case when the capillary 
pressure at the boundary is numerically imposed to 
the ambient suction. Such modeling allow the 
validation of the proposed formulation for the 
coupled flow and heat exchanges occurring at soils 
surface in interaction with the atmosphere. Numerical 
results improve also the understanding of the 
moisture transfer mechanisms into the porous 
medium and the exchanges with the ambient 
atmosphere. It is showed that in a first time, liquid 
water advection is the main mechanism of water 
transport into the sample. Then vapor diffusion 
becomes predominant and it corresponds with the 
decrease of relative humidity into the sample. In 
future work, relative permeability obtained from 
experiments will be used instead of the van 
Genuchten function. To be physically relevant, the 
desaturation of the boundary layer will be expressed 
by correcting the vapour density at the boundary of 






























Fig. 10. Water and vapor flows profiles along 
horizontal section situated at the middle of the height 

































Fig. 11. Relative humidity profiles along horizontal 
section situated at the middle of the height of the 
sample – Drying modeling with RH=30% - Ta=50°C 
NOMENCLATURE 
A sample area m² 
cp specific heat J kg-1K-1 
D molecular diffusion m² s-1 
f heat flux at the boundary J m-2s-1 
h enthalpy J m-3 
i diffusive mass flow kg m-2s-1 
kr relative permeability - 
L latent heat of water vaporization J kg-1 
n van Genuchten parameter - 
m advective mass flow kg m-2s-1 
M mass kg 
pc capillary pressure Pa 
Pr air entry pressure Pa 
q vapor flow at the boundary kg m-2s-1 
Sr degree of saturation - 
t heat flow J m-2s-1 
T temperature °C 
V mass flow kg m-2s-1 
Greek letters 
α mass transfer coefficient m s-1 
β heat transfer coefficient Wm-2kg-1 
κ intrinsic permeability m² 
λ thermal conductivity W m-1K-1 
φ porosity - 
ρ density kg m-3 
τ tortuosity - 
μ dynamic viscosity Pa s 
Superscripts 
a surrounding air 
h wet bulb 
Γ boundary of the sample 
Subscripts 
s solid grains 
v vapor 
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